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1.  INTRODUCTION 


The  morphological  features  of  scindlladon  regions  have  been  examined  in  a  wide  variety 
of  studies  (cf.  reviews  by  Aarons,  1982;  Basu  et  al.,  1988  and  references  therein).  However, 
even  such  a  plethora  of  earlier  publicadons  has  failed  to  clearly  delineate  the  different  variables 
on  which  scintillation  depends,  particularly  at  high  latitudes.  This  is  because  recent  studies 
have  shown  that  in  the  polar  and  auroral  environment,  large-scale  ionization  transport  in  the 
f(»in  of  "patches"  has  an  impc»tant  role  to  play  in  determining  scintillation  behavior  (Buchau  et 
al.,  1985;  Weber  et  al.,  1984;  1986;  Basu  et  al.,  1989;  1990).  Thus,  Tsunoda  (1988),  in  his 
comprehensive  review,  points  out  that  attention  has  been  diverted  from  "local"  type  of 
mechanisms,  such  as  pardcle  precipitation,  to  processes  such  as  global  electrodynamics  and 
convecdve  control  of  patch  fcmnation  by  the  interplanetary  magnedc  field  (IMF). 

It  is  the  intent  of  this  report  to  extend  the  measurements  of  scintillations  and  in-situ 
parameters  presented  in  an  earlier  study  using  HiLat  (MacKenzie  et  al.,  1987,  to  be  referred  to 
as  Report  I)  by  more  recent  measurements  using  the  same  satellite  during  the  current  sunspot 
maximum.  We  also  augment  these  measurements  with  those  of  long-term  scindlladons  from 
polar  beacon  satellites  at  Tromso  and  Thule  which  allow  us  to  better  study  the  effects  of 
transport. 
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2.  THE  HiUt  DATA  BASE 

As  detailed  in  Report  I,  the  HiLat  satellite  was  designed  to  provide  quantitative 
information  on  high  latitude  scintiUadon  throu^  radio  beacon  experiments,  accompanied  by  in- 
situ  data  to  define  the  background  ionospheric  processes  (Fremouw  et  al.,  1985).  We 
concentrate  on  the  HiLat  satellite  observations  performed  by  the  Air  Force  Geophysics 
Laboratory  at  Tromso,  Norway  (66^  A).  Under  quiet  magnetic  conditions,  this  station  is  within 
the  nightside  auroral  oval  while  the  dayside  oval  is  poleward  of  the  station.  This  report  will 
focus  on  observations  made  in  1988*89,  a  period  of  increasing  solar  sunspot  number.  Figure  1 
illustrates  the  drastic  variation  of  both  the  monthly  mean  and  smoothed  sunspot  numbers  from 
December  1983  to  March  1990.  During  the  time  frame  of  the  observations  shown  in  Report  1, 
namely  1984-85,  smoothed  sunspot  number  declined  from  approximately  60  to  15.  Within  the 
time  frame  of  observations  to  be  examined  in  this  repiort,  namely  1988-89,  smoothed  sunspot 
number  increased  from  approximately  60  to  160. 

The  phase  and  amplitude  scindllation  magnitudes  are  examined  in  the  spadal  and  temporal 
frames  of  invariant  latitude  (A)  and  magnedc  local  dme  (MLT).  As  in  the  previous  analysis, 
scintillation  measurements  have  been  made  on  a  sliding  30-sec  window  with  values  computed 
every  15  sec  at  the  midpoint  of  the  window  for  the  length  of  each  pass.  These  have  then  been 
merged  into  seasonal  data  bases,  deleting  data  acquired  below  a  satellite  elevadon  angle  of  20°. 
The  parameters  to  be  discussed  in  this  report  are  the  137-MHz  phase  and  intensity  scintillation 
observations  and  the  in-situ  ion  density  at  the  satellite  altitude.  For  definitions  of  phase  and 
amplitude  scintillation  indices,  the  reader  is  referred  to  Report  I.  The  phase  and  intensity 
scintillations  are  assumed  to  pertain  to  the  350  km  sub-ionospheric  intersection  point  of  the 
satellite  as  observed  from  Tromso,  while  the  in-situ  parameters  are  measured  at  the  height  of  the 
satellite  (830  km).  Each  15-sec  scintillation  value,  both  phase  and  intensity,  has  been  corrected 
for  ionospheric  zenith  angle  (i)  by  means  of  a  (sec  i)l/2  correction.  Median  values  of  the 
corrected  ims  phase  deviation,  0(p,  and  intensity  scintillation,  S4,  and  the  ion  density  have  been 
calculated  in  2.5°A  -  1-hr  MLT  bins  for  each  season.  Bins  with  fewer  than  10  points  have  been 
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omitted.  These  seasonal  data  bases  have  been  further  sorted  into  two  groups:  those  observed 
under  magnetically  quiet  conditions  (Kp  <  3.S)  and  those  under  magnetically  disturbed 
conditions  (Kp  >  3.S).  Results  of  such  statistical  analyses  are  given  below. 

2.1.  RMS  Phase  Deviation 

Figures  2a  -  2c  illustrate,  in  polar  plots  of  invariant  latitude-MLT,  the  median  rms  phase 
deviation,  Oq) ,  of  137  MHz  scintillation  for  3  equinoxes:  Feb- Apr  1984,  Feb- Apr  1988,  and 
Feb-Apr  1989.  The  1984  season  is  included  to  facilitate  companson  with  data  in  the  earlier 
report.  The  1984  and  1988  seasons  have  similar  features  and  scintillation  levels:  low  aq>  values 
are  present  on  the  dayside  while  maximum  Cq)  is  seen  in  the  region  of  L-shell  enhancement  on 
the  nightside.  The  Feb-Apr  1989  data  shows  a  similar  pattern  but  with  much  higher  Gqt  in  each 
bin.  A  common  scale  for  all  panels  results  in  a  deceptive  broadening  of  the  L-shell 
enhancement  region.  Figure  3  presents  the  rms  phase  deviation,  Cq),  in  a  different  format.  This 
figure  utilizes  a  midnight-noon  cut  through  the  dial  plots  of  Figures  2b  and  2c  to  obtain  in  a 
mOTe  quantitative  manner  the  variation  of  Gq*  with  invariant  latitude  in  the  2-hr  MLT  time  period 
centered  on  midnight  and  noon.  We  have  broadened  this  data  set  to  include  all  seasons  between 
Feb-Apr  1988  and  Feb-Apr  1989.  In  these  cuts,  both  the  gradual  increase  of  rms  phase 
deviation,  Gq>,  with  each  season  and  the  pronounced  enhancement  on  the  nightside  over  the 
latitude  range  65°  -  67.5°A  can  be  seen.  This  enhancement,  occurring  where  the  satellite  ray 
path  achieves  alignment  with  the  magnetic  L-shell  oriented  irregularities,  was  the  most  stable 
morphological  feature  in  Report  I.  This  has  also  been  noted  by  MacDougall  (1990). 

2.2.  Intensity  Scintillation,  S4 

Figures  4a  -  4c  illustrate,  in  polar  plots  of  invariant  latitude-MLT,  the  median  137  MHz 
intensity  scintillation  magnitudes,  S4,  for  3  equinoxes:  Feb-Apr  1984,  Feb-Apr  1988,  and  Feb- 
Apr  1989.  The  1984  and  1988  seasons  are  similar  in  features  and  scintillation  level,  while  the 
1989  data  show  increased  intensity  scintillation  magnitudes  particularly  in  the  midnight  and 
noontime  sectors.  The  nighttime  enhancement  of  intensity  scintillation  index,  S4,  in  the  region 
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of  alignment  of  the  ray  path  with  the  magnetic  L-^U  is  less  pronounced  than  was  seen  for  the 
phase  scintillation.  The  L-shell  alignment  of  the  km-scale  irregularities  causing  intensity 
scintillation  appears  weaker  than  the  tens  of  kilometers  scale  that  controls  the  phase 
scintillations.  In  Figure  S,  the  intensity  scintillation,  S4,  is  presented  in  the  format  of  a 
midnight-noon  cut  through  the  dial  plots  of  Figures  4b  and  4c.  Additional  seasons  have  been 
included.  In  these  cuts,  the  intensity  scintillation,  S4,  is  seen  to  increase  with  each  season. 

2.3.  Ion  Density 

The  in-situ  ion  density  has  been  observed  to  vary  with  both  solar  activity  and  season. 
Report  I  has  shown  the  invariant  latitude-MLT  variation  of  this  parameter  during  1984-85,  a 
low  sunspot  period.  The  median  ion  density  showed  a  seasonal  maximum  in  Feb-Jul  with  a 
daytime  diurnal  maximum.  Figures  6a  -  6c  illustrate  the  invariant  latitude-MLT  ion  density 
variation  during  Feb-Apr  1984,  Feb-Apr  1988,  and  Feb-Apr  1989.  The  1984  and  1988  data 
are  comparable  while  the  Feb-Apr  1989  data  show  an  enormous  increase;  the  minimum  ion 
density  in  1989  is  an  order  of  magnitude  greater  than  those  of  1984  or  1988.  Figure  6c  has 
been  redone  on  a  different  scale  in  Figure  6d  to  exhibit  some  of  the  variation  lost  when  the 
scale,  appropriate  for  1984  and  1988,  is  used  for  1989.  Bgure  7  illustrates  the  midnight-noon 
cuts  through  the  ^lar  plots  of  Figures  6b  and  6d.  Additional  seasons  between  Feb-Apr  1988 
and  Feb-Apr  1989  are  included.  Although  sunspot  number  was  increasing  throughout  1988, 
the  large  increase  in  ion  density  does  not  show  in  the  statistics  until  Feb-Apr  1989,  probably 
because  the  seasonal  variations  noted  in  Report  I  get  masked  by  the  ramp-like  increase  in 
smoothed  sunspot  number. 
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3.  SCINTILLATION  MEASUREMENTS  FROM  QUASI-GEOSTATIONARY 
SATELLITES 

Additional  quasi-geostationaiy  scintillation  data  bases  are  available  tt)  augment  the  HiLat 
orbiting  satellite  statistics.  The  major  difference  between  HiLat  scintillation  data  and  those 
obtained  from  quasi-geostationary  satellites  is  that  in  the  latter,  irregularity  anisotropy  does  not 
play  a  major  role  so  that  long-term  trends  are  nxire  readily  discernible.  Measurements  using 
several  polar  beacon  satellites  at  250  MHz  are  available  for  similar  time  periods.  Auroral  oval 
data  are  obtained  in  the  Scandinavian  secttv  from  Tromso,  while  polar  cap  data  are  available 
from  Thule.  These  polar  beacon  satellites  do  not  provide  uniform  local  time  coverage.  They 
also  tend  to  explore  different  latitude  ranges  at  different  times  of  the  year.  Results  from  each 
station  are  given  below. 

3.1.  Measurements  at  Tromso 

At  Tromso,  the  polar  beacons  provide  24-hour  coverage  in  a  combination  of  data  from 
within  the  auroral  oval  with  that  from  slightly  below  it.  Basu  et  al.  (1988)  have  shown  very 
low  intensity  scintillation  statistics  during  the  sunspot  minimum  period  of  1984-86,  with  fades 
of  5  dB  approximately  5%  of  the  time.  From  the  current  sunspot  maximum  250  MHz  data, 
both  intensity  and  phase  scintillation  data  are  utilized.  This  has  been  subdivided  to  focus  on 
only  auroral  location  data  for  nighttime  hours  of  21-03  MLT.  Figure  8  illustrates  the  median  S4 
and  rms  phase  deviation,  Oq),  statistics  seasonally  from  November  1985  to  January  1990.  The 
S4  median  shows  low  values  through  the  sunspot  minimum  years  (1985-1987)  increasing  late 
in  1988.  The  a<p  median  exhibits  less  pronounced  variation.  However,  both  S4  and  Cq)  show  a 
pronounced  seasonal  variation  with  minimum  scintillation  occurrence  seen  in  the  Summer 
months.  A  similar  minimum  was  observed  in  the  Goose  Bay  auroral  scintillation  data  (Basu  et 
al.  1988).  We  shall  discuss  this  point  further  in  Section  4. 

3.2.  Measurements  at  Thule 

The  polar  cap  data,  available  from  Thule,  likewise  explores  different  latitude  ranges 
between  85°  -  88°  invariant  at  different  times  of  the  year.  However,  this  range  is  within  the 
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central  polar  cap  so  that  no  subdivision  of  the  data  has  been  performed.  Figtues  9a  and  9b 
illustrate  the  percent  occurrence  of  varying  intensity  scintillation  fade  levels  over  a  whole  solar 
cycle,  1979-1990,  while  Figure  10  illustrates  the  median  Saand  rms  phase  deviation,0(p, 
statistics  seasonally  over  a  shcater  time  frame  (1987-1989).  As  was  seen  with  the  Tromso  data, 
a  larger  variation  with  increased  sunspot  number  is  seen  in  S4  than  in  Gq).  Both  Figures  9  and 
10  show  a  minimum  in  scintillation  occurrence  and  magnitude  during  the  local  Summer  months. 

To  study  this  behavior  in  greater  detail,  we  present  the  scintillation  fade  occurrence  >  4  dB 
during  sunspot  minimum  (July  1985  -  June  1986)  and  sunspot  maximum  (July  1989  -  June 
1990)  periods  in  Figures  1 1  and  12.  It  should  be  noted  that  a  fade  of  4  dB  is  equivalent  to 
peak-to-peak  fluctuations  of  6  dB  (Whitney,  1974).  Figure  12  clearly  shows  minimal 
scintillation  occunence  during  Summer,  and  a  diffuse  maximum  between  October  to  February. 
Largest  percentage  occurrence  is  observed  between  15-06  UT.  To  study  the  occurrence  of 
intense  scintillation  events,  we  show  in  Figure  13,  contours  of  a  fade  level  >10  dB  (peak-to- 
peak  fluctuations  of  15  dB)  during  the  high  sunspot  year  of  1989-90.  The  same  seasonal 
pattern  is  emphasized  with  the  highest  activity  being  confined  to  18  -  24  UT.  There  is  a  general 
tendency  for  somewhat  greater  scintillation  occurrence  in  the  Fall  as  compared  with  the  Spring, 
as  Figures  9a  and  9b  also  depict.  It  is  noteworthy  that  the  time  of  maximum  occurrence  is  not 
related  to  total  darkness,  as  the  sunset  and  sunrise  times  at  110-km  altitude  indicate  for  the 
equinoxes.  At  the  solstices,  of  course,  there  is  either  no  sunrise  in  the  winter  months  or  no 
sunset  in  the  summer  months.  Thus,  the  occurrence  of  scintillation  at  Thule  does  not  seem  to 
be  controlled  by  local  conditions.  We  shall  discuss  this  point  further  in  the  next  Section. 


4.  DISCUSSION 

The  major  morphological  finding  of  the  HiLat  scintillation  study,  namely,  the 
enhancement  of  scintillation  where  the  satellite  ray  path  was  aligned  with  the  magnetic  L-shell 
oriented  irregularities,  has  been  discussed  at  length  in  Repmt  I.  Longer  term  variations,  such  as 
seasonal  dependence  of  scintillations,  are  harder  to  identify  in  HiLat  data  (Rino  and  Matthews, 
1980)  because  of  the  great  sensitivity  of  the  magnitude  of  scintillations  on  the  irregularity 
anisotropy.  Sunspot  cycle  effects  are  clearly  evident  both  on  scintillations  and  on  the  in-sim  ion 
density.  In  fact,  particularly  in  the  nighttime  data,  the  increase  of  scintillations  with  the  sunspot 
number  can  be  thought  of  as  being  caused  by  a  modulation  in  the  background  density  as  both 
the  scintillation  and  ion  density  magnitude  increase  by  the  same  factor.  Of  course,  here  we 
make  the  tacit  assumption  that  the  in-situ  data  measured  at  830  km  altitude  mimics  the  density 
variation  at  the  maximum  of  the  F-layer  because  it  is  that  density  which  controls  the 
scintillations. 

The  additional  geo- stationary  scintillation  data  from  Tromso  and  Thule  presented  in 
Section  3  provide  much  new  information  when  considered  in  tandem  with  earlier  published 
work  from  Thule  (Aarons  et  al.,  1981),  Goose  Bay  (Basu  et  al.,  1988),  and  Narssarsuaq  (Basu, 
1975;  Basu  and  Aarons,  1980).  If  we  start  with  the  Thule  data  which  refers  to  the  central  polar 
cap,  then  we  find  that  the  UT  seasonal  and  solar  cycle  dependence  of  scintillations  are  generally 
consistent  with  transport  of  plasma  from  sub-cusp  latitudes  taken  in  conjunction  with  the 
shorting  effect  of  a  sunlit  E-region  in  the  summer  on  F-icgion  irregularities.  Some  unexplained 
time  shifts  do  occur,  however.  For  instance,  the  highest  scintillation  occuirence  is  observed  at 
Thule  between  18-24  UT  (cf.  Figure  13),  whereas  Figure  4  of  Buchau  et  al.  (1985)  shows  the 
UT  variation  of  maximum  F-region  density  at  a  sub-cusp  location  (73®  invariant  at  noon 
magnetic  local  time)  to  peak  about  three  hours  earlier.  It  is  generally  believed  that  sub-cusp 
plasma  is  convected  across  the  polar  cap  and  structures  in  the  anti-sunward  convection  field 
giving  rise  to  scintillations  (Weber  et  al.,  1984;  Basu  et  al.,  1990).  On  this  basis,  one  expects 
maximum  scintillation  occurrence  to  follow  maximum  density  behavior  with  a  phase  lag  of 
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30  mins  to  an  hour,  depending  on  the  velocity  range  of  these  patches  varying  between  300  and 
700  ms'^  However,  a  phase  lag  of  three  hours  is  difficult  to  understand  and  factors  such  as 
transit  delays  and  other  irregularity  source  mechanisms  have  to  be  investigated. 

The  seasonal  behavior  of  the  Tromso  polar  beacon  scintillations  is  very  similar  to  that 
observed  at  Thule  during  sunspot  maximum,  with  the  predominant  variation  being  an  annual 
one  with  minimum  in  the  Summer.  As  mentioned  earlier.  Goose  Bay  polar  beacon  data  had 
yielded  similar  results.  Thus  all  three  sets  taken  together  seem  to  indicate  that,  on  the  average, 
transport  and  E-region  shorting  both  are  important  considerations.  Earlier  annual  scintillation 
morphology  studies  based  on  Narssarsuaq  ATS-3  data,  which  explored  the  equatorward  edge 
of  the  auroral  oval,  showed  dramatically  different  occurrence  statistics  with  a  summer  maximum 
and  a  winter  minimum  (Basu,  1975;  Basu  and  Aarons,  1980).  These  earlier  measurements 
were  also  at  a  frequency  of  137  MHz  so  could  respond  to  much  weaker  irregularities. 
However,  this  great  difference  in  the  occurrence  characteristics  between  the  poleward  and 
equatorward  regions  of  the  auroral  oval  merit  much  further  study.  It  is  hoped  that  the  routine 
polar  beacon  measurements  from  Sondrestrom  started  in  1990  will  be  helpful  in  providing 
funher  clues  regarding  this  disagreement. 
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FIGURE  CAPTIONS 


Figure  1.  Variation  of  monthly  mean  and  smoothed  sun^t  numbers  between  December 
1983  and  March  1990. 


Figure  2a.  Variation  of  Tromso  HiLat  median  rms  phase  deviation,  0^(137  MHz),  with 
Invariant  Latitude  and  magnetic  local  time  under  quiet  magnetic  conditions  during 
Feb-Apr  1984. 

Figure  2b.  Variation  of  Tromso  HiLat  median  rms  phase  deviation,  (137  MHz),  with 
Invariant  Latitude  and  magnetic  local  time  under  quiet  magnetic  conditions  during 
Feb-Apr  1988. 

Figure  2c.  Variation  of  Tromso  HiLat  median  rms  phase  deviation,  Og>  (137  MHz),  with 
Invariant  Latitude  and  magnetic  local  time  under  quiet  magnetic  conditions  during 
Feb-Apr  1989. 

Figure  3.  Seasonal  variations  of  SOth  and  90th  percentiles  of  Tromso  HiLat  rms  phase 
deviation,  a<p  (137  MHz),  with  Invariant  Latitude  in  2-hr  MLT  bins  along  the 
midnight-noon  meridian  under  quiet  magnetic  conditions  in  1988-89. 

Figure  4a.  Variation  of  Tromso  HiLat  median  S4  (137  MHz),  with  Invariant  Latitude  and 
magnetic  local  time  under  quiet  ma^etic  conditions  during  Feb-Apr  1984. 

Figure  4b.  Variation  of  Tromso  HiLat  median  S4  (137  MHz),  with  Invariant  Latitude  and 
magnetic  local  time  under  quiet  magnetic  conditions  during  Feb-Apr  1988. 

Figure  4c.  Variation  of  Tromso  HiLat  median  S4  (137  MHz),  with  Invariant  Latitude  and 
magnetic  local  time  under  quiet  magnetic  conditions  during  Feb-Apr  1989. 

Figure  5.  Seasonal  variation  of  SOth  and  90th  percentiles  of  Tromso  HiLat  intensity 
scintillation,  S4  (137  MHz)  with  invariant  latitude  in  2-hr  MLT  bins  along  the 
midnight-noon  meridian  under  quiet  magnetic  conditions  in  1988-89. 

Figure  6a.  Variation  of  Tromso  HiLat  median  ion  density  with  Invariant  Latitude  and  magnetic 
local  time  under  quiet  magnetic  conditions  during  Feb-Apr  1984. 

Figure  6b.  Variation  of  Tromso  HiLat  median  ion  density  with  Invariant  Latitude  and  magnetic 
local  time  under  quiet  magnetic  conditions  during  Feb-Apr  1988. 

Figure  6c.  Variation  of  Tromso  HiLat  median  ion  density  with  bivariant  Latitude  and  magnetic 
local  time  under  quiet  magnetic  conditions  during  Feb-Apr  1989. 

Figure  6d.  Replotted  version  of  Fig.  6c  with  a  revised  density  scale  in  order  to  highlight 
increased  ion  density. 

Figure  7.  Seasonal  variation  of  SOth  and  90th  percentiles  of  Tromso  HiLat  median  ion  density 
with  invariant  latitude  in  2-hr  MLT  bins  along  the  midnight-noon  meridian  under 
quiet  magnetic  conditions  in  1988-89. 


Figure  8.  Seasonal  variations  of  SOth  and  90th  percentiles  of  Tromso  intensity  scintillation, 
S4  (250  MHz)  and  nns  phase  deviation,  (250  MHz)  from  quasi-geostationary 
satellites  und^  quiet  magnetic  conditions  within  the  auroral  oval  (~  69** A)  around 
magnetic  local  midnight  (21-03  MLT)  during  1985-1989. 

Figure  9a.  Occurrence  of  5-,  10-,  and  15-  dB  fades  at  250  MHz  observed  using  quasi- 
geostationary  satellites  at  Thule  during  the  period  1979-1986.  All  local  times  and 
all  magnetic  activity  data  are  included. 

Figure  9b.  Occurrence  of  5-,  10-,  and  15-  dB  fades  at  250  MHz  observed  using  quasi- 
geostationary  satellites  at  Thule  during  the  period  1987-1990.  All  local  times  and 
all  magnetic  activity  data  are  included. 

Figure  10.  Seasonal  variations  of  50th  and  90th  percentiles  of  Thule  intensity  scintillation,  S4 
(250  MHz)  and  rms  phase  deviation,  (250  MHz)  from  quasi-geostationary 
satellites  under  all  magnetic  conditions  around  midnight  (21-03  UT)  during  1987- 
1989. 

Figure  1 1 .  Contours  of  percent  occurrence  of  fades  >  4  dB  at  250  MHz  observed  using  quasi- 
geostationary  satellites  at  Thule  during  the  solar  minimum  period  of  July  1985 
through  June  1986  fOT  all  magnetic  activity  levels. 

Figure  12.  Contours  of  percent  occurrence  of  fades  >  4  dB  at  250  MHz  observed  using  quasi- 
geostationary  satellites  at  Thule  during  the  solar  maximum  period  of  July  1989 
through  June  1990  for  all  magnetic  activity  levels. 

Figure  13.  Contours  of  percent  occurrence  of  fades  >  10  dB  at  250  MHz  observed  using 
quasi-geostationary  satellites  at  Thule  during  the  solar  maximum  period  of  July 
1989  ^ough  June  1990  for  all  magnetic  activity  levels. 
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